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mental	 systems	comprising	soil	 communities	with	one,	 two	or	 three	 trophic	 levels	
(microorganisms,	detritivores	and	predators)	and	subjected	them	to	drought.	We	in‐
vestigated	how	food	web	trophic	complexity	in	interaction	with	drought	influenced	








web	 trophic	 complexity	 influenced	 the	 biomass	 of	 Collembola	 and	 fungal	 hyphal	
length,	13C	enrichment	and	the	net	transfer	of	carbon	from	plant	shoots	to	microbes	
and	soil	CO2	efflux	were	not	affected	significantly	by	varying	the	number	of	trophic	
groups.	 Our	 results	 indicate	 that	 drought	 has	 a	 strong	 effect	 on	 above‐ground–
below‐ground	 linkages	 by	 reducing	 the	 flow	of	 recent	 photosynthate.	Our	 results	
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1  | INTRODUC TION
Drought	events	are	a	recurring	phenomenon	in	many	ecosystems	
and	 are	 predicted	 to	 increase	 in	 frequency	 and	 intensity	 in	 the	
coming	decades	(IPCC,	2017;	Reichstein	et	al.,	2013).	Drought	has	
the	 potential	 to	 severely	 change	 ecosystem	 functioning	 by	 im‐
pacting	plant	and	soil	 faunal	communities.	For	example,	drought	
has	 been	 shown	 to	 alter	 the	 composition	 of	 grassland	 plant	
communities	 (Cleland	 et	 al.,	 2013;	 Kardol,	 Cregger,	 Campany,	 &	
Classen,	2010;	Liu	et	al.,	2018)	and	decrease	primary	productiv‐
ity	 (Reichstein	 et	 al.,	 2013;	 Schwalm	 et	 al.,	 2010).	 Furthermore,	
drought	 can	 have	 considerable	 effects	 on	 the	 composition	 and	






ductions	 in	 ecosystem	 processes,	 including	 litter	 decomposition	
and	 nutrient	 mineralization	 (de	 Vries	 et	 al.,	 2013;	 Fuchslueger,	




(Siebert	 et	 al.,	 2019).	 Furthermore,	 drought	 can	 modify	 species	






In	 most	 terrestrial	 ecosystems,	 80%–90%	 of	 photosyntheti‐









Potapov,	 &	 Tiunov,	 2016;	 Kanters,	 Anderson,	 &	 Johnson,	 2015;	
Pollierer,	Langel,	Koerner,	Maraun,	&	Scheu,	2007;	Ruf,	Kuzyakov,	
&	 Lopatovskaya,	 2006).	 For	 example,	 mycorrhizal	 fungi	 act	 as	 a	
rapid	conduit	for	energy	and	nutrient	supply	between	the	plant	and	
fungal	 feeding	 Collembola,	 such	 as	 Protaphorura armata Tullberg 
(Endlweber,	Ruess,	&	Scheu,	2009;	Johnson	et	al.,	2005).	However,	
perturbations	 such	 as	 drought	 can	 severely	 alter	 below‐ground	C	
allocation,	which	 can	 in	 turn	 affect	microbial	 activity	 and	C	 turn‐
over	 (Fuchslueger	 et	 al.,	 2014;	 Hagedorn	 et	 al.,	 2016;	 Hasibeder,	
Fuchslueger,	Richter,	&	Bahn,	2015;	Ruehr	et	al.,	2009).
Soil	 communities	 form	 complex	 networks	 of	 direct	 (e.g.	 feed‐
ing	interactions)	or	indirect	(e.g.	trophic	cascades)	interactions,	and	
these	networks	are	increasingly	recognized	as	driving	key	processes	
in	 soils	 (Bardgett	&	Wardle,	2010).	For	example,	 the	biomass	and	
activity	 of	 fungi,	which	 are	 the	 primary	 drivers	 of	 C	 and	mineral	




















is	 of	 concern	 since	 biodiversity	 loss	 is	 a	major	 driver	 of	 changes	
in	ecosystem	 function	 (Bardgett	&	van	der	Putten,	2014).	Recent	
empirical	and	theoretical	evidence	has	shown	that	soil	biodiversity,	
and	 the	 structural	 asymmetry	of	C	 fluxes	 through	 food	web,	 can	
modulate	 the	 resistance	 and	 resilience	 of	 terrestrial	 ecosystems	
to	 perturbations	 (de	 Vries	 et	 al.,	 2012,2018;	 Rooney	 &	McCann,	
2012;	 Rooney,	McCann,	 Gellner,	 &	Moore,	 2006;	 Schwarzmüller,	
Eisenhauer,	 &	 Brose,	 2015;	 Yang,	 Wagg,	 Veresoglou,	 Hempel,	 &	
Rillig,	2018).	The	difficulty	of	manipulative	reconstructions	of	soil	
food	webs	make	experimental	 studies	with	 soil	 fauna	scarce,	and	
often	the	effects	on	soil	functions	are	not	consistent	(Cole,	Dromph,	
Boaglio,	&	Bardgett,	2004;	Cortet,	Joffre,	Elmholt,	&	Krogh,	2003;	













munities,	 mycorrhizal	 fungal	 abundance,	 decomposition	 and	 soil	
CO2	 efflux.	 In	 addition,	we	 quantified	 the	 flux	 of	 C	 from	 a	 com‐
mon	 temperate	 grassland	 plant	 species,	Agrostis capillaris,	 to	 soil	
organisms using 13C	stable	isotope	labelling.	We	hypothesized	that:	
(a)	greater	trophic	complexity	of	soil	food	webs	will	 increase	litter	






webs	with	 fewer	 trophic	 groups	will	 be	 less	 resistant	 to	drought,	
leading	to	a	stronger	effect	of	the	drought	on	soil	functioning	and	
soil	fauna	biomass.
2  | MATERIAL S AND METHODS
2.1 | Construction of the microcosms
Microcosms	 were	 constructed	 using	 soil	 collected	 from	 a	 semi‐
natural	 temperate	 grassland	with	 a	 history	 of	 occasional	 grazing	
but	 no	 fertilizer	 application,	 at	 the	 Glensaugh	 Research	 Farm,	
Aberdeenshire,	 Scotland	 (56°53′38″N	 2°32′29″W).	 The	 soil	 is	 a	
humus‐iron	podsol	derived	 from	Old	Red	Sandstone	and	acid	 ig‐
neous	 rocks	 (pH	 ~	 5.47;	 11.4	 C%;	 0.76	N%),	 and	 the	 vegetation	
is	classified	as	Agrostis‐Festuca	grassland,	which	 is	widespread	 in	
upland	 regions	 of	 the	 United	 Kingdom	 (UK	 National	 Vegetation	
Classification	 U4a;	 Rodwell,	 1998).	 Before	 potting,	 soil	 was	 de‐
















soil	 moisture	 was	 maintained	 at	 60%	 (w/w)	 throughout	 the	 ex‐
periment.	Microcosms	were	preincubated	for	14	days	under	these	
conditions	 to	 allow	microorganisms	 to	 colonize	 the	 soil,	 and	 the	
plants	 to	extend	their	 root	systems.	After	 that	 time,	1	g	of	grass	
litter	(with	a	concentration	of	C	of	47	±	0.3%	and	N	of	4.8	±	0.2%)	
was	placed	on	top	of	the	soil	in	each	microcosm	providing	both	a	
habitat	 and	 resource	 to	organisms.	Senescent	grass	 leaves,	 com‐
posed	 mainly	 of	A. capillaris,	 were	 collected	 from	 the	 same	 site	
as	the	soil,	homogenized	and	air‐dried	for	5	days.	For	the	decom‐
poser	 and	 the	 predator	 trophic	 groups,	 we	 used	 one	 species	 of	
Collembola,	Protaphorura armata	(Onychiuridae)	and	one	species	of	
gamasid	Acari,	Stratiolaelaps scimitus	(formerly	Hypoaspis miles)	re‐
spectively.	The	euedaphic	collembolan	P. armata is an eyeless and 
nonpigmented	 species	 that	 reproduces	 parthenogenetically,	 and	
is	 common	 in	 UK	 grasslands	 (Cole,	 Buckland,	 &	 Bardgett,	 2005;	
Hopkin,	 2007).	 The	 species	 is	 frequently	 used	 as	 an	 ecologically	
relevant	 model	 organism	 to	 study	 invertebrate–fungus	 grazing	
interactions	 (Cole,	 Staddon,	 Sleep,	 &	 Bardgett,	 2004;	 Johnson	











isms	 +	 Collembola	 +	 predatory	 Acari.	 We	 placed	 100	 individu‐
als	of	P. armata	 (equivalent	 to	15,625	 ind/m2)	 and	20	 individuals	
of	S. scmitidus	 (equivalent	 to	3,125	 ind/m2)	 in	 the	 corresponding	
treatment	pots,	which	is	consistent	with	natural	densities	and	ra‐






















with	20	ml	 to	 release	 the	drought	 and	encourage	photosynthetic	
activity;	control	pots	were	also	watered	with	20	ml	for	consistency.	
Immediately	 following,	 microcosms	 were	 randomly	 assorted	 into	
two	plastic	wooden‐framed	chambers	(60	×	60	×	50	cm)	which	re‐







3552  |     CHOMEL Et aL.
inserted	1	cm	into	the	soil,	and	the	tube	was	closed	for	24	hr	and	
replace	periodically	for	3	days	following	the	13C	labelling.	A	0.1	ml	
aliquot	 of	NaOH	was	 transferred	 to	 hydrogen‐flushed	 exetainers	












over	 5	 days.	 They	 were	 counted	 under	 a	 dissecting	 microscope,	






ANCA‐GSL,	 Sercon	 Ltd)	 coupled	 to	 a	 20–20	 isotope	 ratio	 mass	
spectrometer	(Sercon	Ltd).
2.3 | Mycorrhizal colonization and hyphal length
Analysis	 of	A. capillaris	 root	 colonization	 by	 AM	 fungi	 was	 deter‐
mined	by	calculating	the	percentage	root	length	colonization	(%RLC).	
After	washing,	roots	were	cleared	by	boiling	for	5	min	in	a	10%	KOH	
solution,	 rinsed	 and	 stained	 for	 3	min	 in	 a	 boiling	 ink–vinegar	 so‐
lution	(5%	ink)	(Vierheilig,	Coughlan,	Wyss,	&	Piche,	1998).	Stained	






Total	 length	 of	 fungal	 hyphae	was	measured	 in	 soil	 extracts	




fication	with	 the	 grid‐line	 intersect	method	 (Brundett,	 Bougher,	
Dell,	Grove,	&	Malajczuk,	1996).	Briefly,	10	g	(fresh	weight)	of	soil	
in	95	ml	of	dH2O	was	blended,	5	ml	of	the	soil	slurry	was	diluted	
with	 5	ml	 of	 dH2O	 and	 then	 1	ml	 of	 the	 diluted	 soil	 slurry	was	
added	to	1	ml	of	 formalin,	1	ml	of	Calcofluor	and	7	ml	of	dH2O. 
Samples	 were	 incubated	 in	 the	 dark	 at	 room	 temperature	 for	
2	hr	and	stored	at	4°C	until	 further	processed.	Two	millilitres	of	
these	samples	was	filtered	through	a	25	mm	diameter	black	1	µm	
pore	 size	 polycarbonate	 filter	 (Osmonics	 Inc.)	 and	 rinsed	 three	










2.4 | Soil microbial community analysis
The	 characterization	 of	 soil	microbial	 communities	was	 estimated	
using	 PLFA	 analysis,	which	were	 extracted	 using	 19:0	 phosphati‐
dylcholine	 (Avanti	 Polar	 Lipids)	 as	 an	 internal	 standard	 added	 at	
the	 beginning	 of	 the	 extraction	 procedure	 for	 quantitative	 analy‐
sis	 (Buyer	&	 Sasser,	 2012).	 Fatty	 acids	were	 extracted	 from	0.5	 g	
of	 dry	 soil	 in	 Bligh‐Dyer	 extractant,	 containing	 the	 internal	 19:0	
standard,	for	2	hr	rotating	end‐over‐end.	The	liquid	phase	was	then	
collected	 after	 centrifugation,	 1.0	 ml	 chloroform:water	 (1:1)	 was	
added	 and	 the	 lower	 phase	 siphoned	 off	 and	 used	 for	 lipid	 sepa‐
ration.	Lipids	were	separated	by	solid‐phase	extraction	(SPE)	using	
a	96‐well	SPE	plate	 (100	mg	silica,	Phenomenex)	with	chloroform,	
acetone	 and	 5:5:1	 methanol:chloroform:water.	 Fatty	 acids	 were	
then	 transesterified	 and	 extracted.	 The	 δ13C	 values	 of	 individual	
PLFAs	and	their	quantification	(Thornton,	Zhang,	Mayes,	Högberg,	
&	Midwood,	2011)	were	analysed	by	GC–C–IRMS	using	a	Trace	GC	
Ultra	 gas	 chromatograph	with	 combustion	 column	 attached	 via	 a	
GC	Combustion	III	to	a	Delta	V	Advantage	IRMS	(Thermo	Finnigan).	
In	 summary,	 36	PLFAs	were	 identified	 in	 these	 samples,	 of	which	
20	microbial‐specific	 PLFAs	 comprising	 approximately	80%	of	 the	
total	 concentration	 were	 used	 in	 subsequent	 data	 analysis.	 The	
fatty	acids	i15:0,	a15:0,	i16:0	and	i17:0	were	used	as	biomarkers	for	








as	 a	marker	of	 fungi	 (Bååth,	2003;	Bååth	&	Anderson,	2003).	The	






























where	 Cpool	 is	 the	 stock	 of	 C	 in	 each	 pool	 (mg	 per	 pot)	 and	
Atom%13Cpool	is	the	atom%	excess	of	
13C	in	each	pool.










The	 experimental	 design	 included	 two	 fixed	 factors:	 treatment	
(drought	 or	 control)	 and	 food	 web	 trophic	 complexity	 (three	
levels).	 For	 all	measured	 variables,	 two‐way	 analysis	 of	 variance	
(ANOVA)	was	used	 to	 test	 the	effects	of	 the	drought	 treatment	
and	food	web	trophic	complexity,	followed	by	Tukey	post	hoc	pair‐
wise	 comparisons.	 Normality	 and	 homoscedasticity	 of	 the	 data	






analysis	of	 responses	not	 involving	analysis	of	13C.	All	 statistical	










3.1 | Effects of food web trophic complexity and 
drought on plant productivity, soil communities and 
soil functions
Total	 hyphal	 length	 was	 reduced	 by	 36%	 in	 the	 presence	 of	
Collembola	only,	and	41%	in	the	presence	of	Collembola	and	Acari	





























3.2 | Effects of food web trophic complexity and 








































maximal	 enrichment	 of	 bacterial	 PLFA	 was	 0.14	 atom%	 13C	 excess	











3.3 | Carbon budget and net C incorporation 
into the food web
Plants	 that	 had	 been	 subjected	 to	 drought	 had	 shoots	 more	 en‐
riched in 13C	immediately	after	 labelling	than	the	controls,	but	they	
had	overall	smaller	biomass.	Consequently,	 the	net	13C	in	the	plant	
Variables
Drought Trophic groups (TG) Drought × TG
F p value F p value F p value
Process
Litter	mass	loss 6.74 .014 6.07 .005 1.55 .226
Soil	CO2	efflux 9.27 .004 3.31 .048 0.03 .976
Soil	biota
Bacterial	PLFA 3.65 .060 1.84 .180 0.60 .556
Fungal	PLFA 0.63 .433 1.66 .203 0.06 .940
f/b	ratio 9.22 .005 2.05 .144 0.38 .687
%	root	colonized	by	
AM	fungi
1.25 .270 0.23 .793 1.12 .339
%	arbuscules 4.91 .033 1.21 .311 1.32 .281
Collembola	biomass 38.95 .000 8.20 .008 0.48 .496





























0.19 .674 — — — —
Note: Significant	treatment	effects	(p	<	.05)	are	in	bold.
Abbreviations:	AM,	arbuscular	mycorrhizal;	PLFA,	phospholipid	fatty	acid.
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biomass	C	pool	was	 less	 in	droughted	mesocosms	than	 in	controls,	
and	was	on	average	10.8	±	0.29	mg	in	the	controls	and	9.7	±	0.32	mg	
in	 the	 droughted	 mesocosms	 at	 the	 end	 of	 the	 labelling	 period	
(F	 =	5.829,	df	 =	1,	n	 =	36,	p	 =	 .02,	Figure	3a,	Table	1).	Three	days	
later,	only	1.9	±	0.32	mg	of	13C	was	left	in	control	plant	shoots,	but	
2.5	±	0.16	mg	13C	was	left	in	the	droughted	plant	shoots.	Therefore,	

























Control 1,417	±	260 1,043	±	241 1,451	±	150
Drought 2,222	±	499 1,461	±	277 1647	±	300
Fungal	PLFA	
(nmol/g	of	soil)
Control 34.17	±	10.45 21.55	±	8 19.37	±	4.52
Drought 24.32	±	6.91 15.13	±	3.36 15.16	±	3.04
Fungal/bacterial	
PLFA	ratio
Control	(b) ** 0.015	±	0.002 0.018	±	0.004 0.013	±	0.002
Drought	(a) 0.01	±	0.001 0.01	±	0.001 0.009	±	0
%	root	colonized	
by	AM	fungi
Control 59.8	±	2 65.8	±	4.88 60.23	±	2.27
Drought 57.03	±	4.74 56.22	±	3.66 61.39	±	4.56
%	arbuscules Control	(b) * 28.55	±	2.88 30.07	±	3.76 23.2	±	1.55





TA B L E  2  Bacterial	and	fungal	PLFA,	
fungal/bacterial	PLFA	ratio	and	AM	fungal	
root	colonization
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the	 relative	 amount	 of	 13C	 exported	 (through	 reallocation	 to	 the	
roots	or	from	respiration)	from	the	plant	shoots	during	these	3	days	
was	 greater	 under	 control	 compared	 to	 drought,	 with	 losses	 of	
83	±	1.19%	and	75	±	1.28%	from	the	initial	13C	amount	respectively	
(F	=	19.2,	df	=	1,	n	=	36,	p	<	.001,	Figure	3b,	Table	1).	This	export	of	
13C	was	 traced	 into	bacteria,	 fungi,	Collembola,	Acari	 and	 soil	CO2 
efflux.	On	average	across	all	 the	 treatments,	 the	percentage	of	 the	
plant	13C	exported	recovered	after	3	days	in	the	below‐ground	pools	




trophic	 complexities	 or	 under	 drought	 (Figure	 3c,d,	Table	 1).	There	
was	 also	no	 significant	 effect	 of	 either	drought	or	 food	web	 treat‐
ments	on	the	proportion	of	net	13C	recovered	in	Acari	or	in	soil	CO2 
efflux	(Figure	3f,g).	However,	the	proportion	of	recent	photosynthate	
13C	 exported	 from	 plant	 shoots	 and	 recovered	 in	 Collembola	 was	
consistently	 lower	 after	 drought,	 decreasing	 from	 0.025	 ±	 0.006%	
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We	found	that	drought	increased	the	residence	time	of	recently	as‐














The	 food	 web	 treatments	 used	 in	 this	 experiment	 were	 ef‐
fective	because	Collembola	density	decreased	in	the	presence	of	
the	predatory	Acari,	and	 fungal	hyphal	 length,	a	measure	of	 the	
production	 of	 extramatrical	 hyphae,	 decreased	 in	 the	 presence	
of	 Collembola,	 showing	 a	 strong	 cascading	 top‐down	 effect	 of	
higher	trophic	levels.	In	accordance	with	our	first	hypothesis,	food	
web	 trophic	 complexity	 regulated	 litter	 decomposition	 and	 the	
soil	CO2	efflux.	However,	while	we	expected	litter	to	decompose	
faster	 in	 the	 presence	 of	 more	 trophic	 groups,	 due	 to	 comple‐
mentarity	 of	 soil	 organisms,	 we	 observed	 slower	 litter	 decom‐
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This	was	despite	there	being	significant	effects	of	food	web	tro‐
phic	 complexity	 on	 litter	 decomposition.	 There	 is	 currently	 no	
clear	consensus	in	the	literature	on	plant	responses	to	food	web	
composition.	While	 several	 correlative	 studies	 have	 shown	 that	






ferent	food	web	compositions	on	the	growth	of	A. capillaris. The 






In	contrast	 to	our	 first	hypothesis,	13C	enrichment	and	 the	 total	
amount	of	C	transferred	from	plant	shoots	to	the	other	C	pools	var‐
ied	little	with	food	web	trophic	complexity.	This	finding	suggests	that	
variations	 in	 the	 trophic	 structure	 at	 the	 scale	 of	 our	 study	 had	 no	
influence	on	the	plant	C	uptake	and	transfer	to	microbial	communities,	






According	 to	 our	 second	 hypothesis,	 our	 study	 revealed	 large	
effects	 of	 drought	 on	 several	 response	 variables,	 and	 most	 of	
these	 responses	 were	 likely	 mediated	 indirectly	 through	 plants	
and	 Collembola	 given	 the	 magnitude	 by	 which	 those	 responded	









shoot	material,	 temporarily	 stored	 or	 allocated	 below‐ground	 into	
roots	and	to	soil	organisms	(Leake,	Ostle,	Rangel‐Castro,	&	Johnson,	
2006).	Three	days	after	labelling,	we	observed	greater	retention	of	
recent	 photosynthate	 in	 plant	 shoots	 subjected	 to	 drought.	 These	
findings	are	in	line	with	results	from	beech	saplings	where	drought	
stress	doubled	the	residence	time	of	fresh	assimilates	 in	foliar	bio‐
mass	due	 to	a	decrease	 in	phloem	 transport	velocity	 (Ruehr	et	al.,	
2009),	 and	 reduced	below‐ground	C	 allocation	 (Fuchslueger	 et	 al.,	
2014;	Ruehr	et	al.,	2009).
Under	 control	 conditions,	 soil	 CO2	 efflux	 mainly	 comprised	
recent	 photosynthate,	 while	 after	 drought,	 a	 greater	 proportion	
of	 CO2	 originated	 from	 other	 sources.	 This	 result	 confirms	 that	







and	 below‐ground	 processes	 is	 reduced.	Our	 results	 confirm	 that	
drought	increases	the	time‐lag	between	photosynthesis	and	soil	CO2 
efflux	(Kuzyakov	&	Gavrichkova,	2010;	Ruehr	et	al.,	2009).
In	contrast	 to	 theory	 (Rooney	&	McCann,	2012;	Rooney	et	al.,	





litter	 decomposition,	 is	 expected	 to	 confer	 stability	 on	ecosystem	
function.	Our	findings	that	drought	may	weaken	the	recent	photo‐









We	 observed	 less	 13C	 enrichment	 of	 bacterial	 PLFA	 after	
drought,	 suggesting	either	 that	drought	 leads	 to	bacteria	using	al‐
ternative	 sources	of	C	 to	 recent	 assimilate,	or	 that	 they	were	 less	
efficient	 in	using	 this	pathway	of	C.	However,	 this	difference	was	
not	 observed	 for	 fungi.	 Fungi	 have	 stronger	 cell	 walls	 preventing	














and	 the	difference	 in	biomass	between	control	and	drought	 treat‐
ments	was	less	pronounced	than	in	the	absence	of	predators,	which	
could	have	maintained	a	 lower	 ratio	of	Collembola	 to	 13C‐labelled	
substrates	 thus	 leading	 to	 greater	 13C	 enrichment	 of	 Collembola.	
Our	results	showed	no	evidence	of	an	impact	of	drought	on	the	net	
transfer	 of	 C	 from	 the	 plants	 to	microbial	 communities;	 however,	
we	observed	less	net	C	transfer	from	plants	to	Collembola,	mainly	











below‐ground	 food	webs.	The	 recent	photosynthate	C	pathway	 is	
critical	 to	 ecosystem	 functioning	 and	 the	 soil	 food	 web,	 and	 our	












University	of	Aberdeen,	L.	Harrold	 for	 isotopic	analysis,	 and	 the	





Mathilde Chomel  https://orcid.org/0000‐0001‐5110‐2355 
Jocelyn M. Lavallee  https://orcid.org/0000‐0002‐3028‐7087 
Jennifer M. Rhymes  https://orcid.org/0000‐0001‐9347‐9863 
Tancredi Caruso  https://orcid.org/0000‐0002‐3607‐9609 
Franciska T. Vries  https://orcid.org/0000‐0002‐6822‐8883 
Elizabeth M. Baggs  https://orcid.org/0000‐0003‐2014‐2148 





iological	conditions	of	 soil	 fungi.	Microbial Ecology,	45(4),	373–383.	
https	://doi.org/10.1007/s00248‐003‐2002‐y
Bååth,	 E.,	 &	Anderson,	 T.‐H.	 (2003).	 Comparison	 of	 soil	 fungal/bacte‐
rial	ratios	in	a	pH	gradient	using	physiological	and	PLFA‐based	tech‐
niques.	 Soil Biology and Biochemistry,	 35(7),	 955–963.	 https	://doi.
org/10.1016/S0038‐0717(03)00154‐8
Bais,	H.	P.,	Weir,	 T.	 L.,	 Perry,	 L.	G.,	Gilroy,	 S.,	&	Vivanco,	 J.	M.	 (2006).	
The	role	of	root	exudates	in	rhizosphere	interactions	with	plants	and	
other	organisms.	Annual Review of Plant Biology,	57,	233–266.	https	://
doi.org/10.1146/annur	ev.arpla	nt.57.032905.105159
Bardgett,	R.	D.,	Bowman,	W.	D.,	Kaufmann,	R.,	&	Schmidt,	S.	K.	(2005).	
A	 temporal	 approach	 to	 linking	 aboveground	 and	 belowground	






ages: Biotic interactions, ecosystem processes, and global change. 
Oxford,	New	York:	Oxford	University	Press.
Berg,	 B.,	 &	 Laskowski,	 R.	 (2005).	 Decomposers:	 Soil	 microorgan‐
isms and animals. In Litter decomposition: A guide to carbon and 
nutrient turnover. Advances in ecological research	 (Vol.	38,	pp.	73–
100).	 San	 Diego,	 CA:	 Academic	 Press.	 https	://doi.org/10.1016/
S0065‐2504(05)38003‐2
Bloem,	J.,	Bolhuis,	P.	R.,	Veninga,	M.	R.,	&	Wieringa,	J.	(1995).	Microscopic	
methods	 for	 counting	 bacteria	 and	 fungi	 in	 soil.	 In	 K.	 Alef	 &	 P.	
Nannipieri	 (Eds.),	Methods in applied soil microbiology and biochem‐




nitrogen	 and	 phosphorus	 inputs	 to	 soils.	 Functional Ecology,	22(6),	
964–974.	https	://doi.org/10.1111/j.1365‐2435.2008.01404.x





&	 Jacob,	U.	 (2012).	 Climate	 change	 in	 size‐structured	 ecosystems.	
Philosophical Transactions of the Royal Society of London. Series B, 
Biological Sciences,	367(1605),	2903–2912.	https	://doi.org/10.1098/
rstb.2012.0232
Brundett,	M.,	 Bougher,	N.,	 Dell,	 B.,	 Grove,	 T.,	 &	Malajczuk,	N.	 (1996).	
Working with mycorrhizas in forestry and agriculture.	 Canberra:	
Australian	Centre	for	International	Agricultural	Research.
Buyer,	J.	S.,	&	Sasser,	M.	(2012).	High	throughput	phospholipid	fatty	acid	
analysis	of	soils.	Microorganisms and the Sustainable Management of 
Soil,	61,	127–130.	https	://doi.org/10.1016/j.apsoil.2012.06.005
















cies	 and	 trophic	 diversity	 of	 mesofauna	 affects	 fungal	 biomass,	
3560  |     CHOMEL Et aL.
mesofauna	community	structure	and	organic	matter	decomposition	
processes. Biology and Fertility of Soils,	302–312.
de	 Vries,	 F.	 T.,	 &	 Caruso,	 T.	 (2016).	 Eating	 from	 the	 same	 plate?	
Revisiting	the	role	of	 labile	carbon	 inputs	 in	the	soil	 food	web.	Soil 













de	 Vries,	 F.	 T.,	 Thebault,	 E.,	 Liiri,	 M.,	 Birkhofer,	 K.,	 Tsiafouli,	 M.	 A.,	
Bjornlund,	 L.,	 …	 Bardgett,	 R.	 D.	 (2013).	 Soil	 food	 web	 proper‐
ties	 explain	 ecosystem	 services	 across	 European	 land	 use	 sys‐
tems.	Proceedings of the National Academy of Sciences of the United 
States of America,	 110(35),	 14296–14301.	 https	://doi.org/10.1073/
pnas.13051	98110	
Eissfeller,	 V.,	 Beyer,	 F.,	 Valtanen,	 K.,	 Hertel,	 D.,	 Maraun,	 M.,	 Polle,	
A.,	 &	 Scheu,	 S.	 (2013).	 Incorporation	 of	 plant	 carbon	 and	 micro‐
bial	nitrogen	 into	 the	 rhizosphere	 food	web	of	beech	and	ash.	Soil 




and Biochemistry,	 41(6),	 1151–1154.	 https	://doi.org/10.1016/j.soilb	
io.2009.02.022
Frostegård,	 A.,	 &	 Bååth,	 E.	 (1996).	 The	 use	 of	 phospholipid	 fatty	 acid	
analysis	to	estimate	bacterial	and	fungal	biomass	in	soil.	Biology and 
Fertility of Soils,	22(1),	59–65.	https	://doi.org/10.1007/BF003	84433	
Frostegård,	A.,	Bååth,	E.,	&	Tunlio,	A.	 (1993).	Shifts	 in	 the	structure	of	
soil	microbial	communities	in	limed	forests	as	revealed	by	phospho‐
lipid	fatty	acid	analysis.	Soil Biology and Biochemistry,	25(6),	723–730.	
https	://doi.org/10.1016/0038‐0717(93)90113‐P
Fuchslueger,	L.,	Bahn,	M.,	Fritz,	K.,	Hasibeder,	R.,	&	Richter,	A.	 (2014).	








Wall,	 D.	 H.,	 &	 Hattenschwiler,	 S.	 (2010).	 Diversity	 meets	 decom‐






Grime,	 J.	P.,	Fridley,	 J.	D.,	Askew,	A.	P.,	Thompson,	K.,	Hodgson,	 J.	G.,	
&	Bennett,	C.	R.	 (2008).	Long‐term	resistance	to	simulated	climate	
change	in	an	infertile	grassland.	Proceedings of the National Academy 




















Hasibeder,	R.,	Fuchslueger,	 L.,	Richter,	A.,	&	Bahn,	M.	 (2015).	 Summer	
drought	 alters	 carbon	 allocation	 to	 roots	 and	 root	 respiration	 in	
mountain	grassland.	The New Phytologist,	205(3),	1117–1127.	https	://
doi.org/10.1111/nph.13146 
Hawkes,	 C.	 V.,	 Kivlin,	 S.	N.,	 Rocca,	 J.	D.,	Huguet,	 V.,	 Thomsen,	M.	A.,	
&	 Suttle,	 K.	 B.	 (2011).	 Fungal	 community	 responses	 to	 precip‐
itation.	 Global Change Biology,	 17(4),	 1637–1645.	 https	://doi.
org/10.1111/j.1365‐2486.2010.02327.x
Hector,	A.,	&	Bagchi,	R.	 (2007).	Biodiversity	and	ecosystem	multifunc‐
tionality.	 Nature,	 448(7150),	 188–190.	 https	://doi.org/10.1038/
natur	e05947
Hopkin,	 S.	 P.	 (1997).	 Biology of the springtails: (Insecta: Collembola). 
Oxford:	OUP.
Hopkin,	 S.	 P.	 (2007).	A key to the Collembola (springtails) of Britain and 
Ireland.	Shrewsbury:	Field	Studies	Council.
IPCC.	 (2017).	Fifth assessment report – Climate change 2013.	 Retrieved	
from	http://www.ipcc.ch/repor	t/ar5/wg1/











Kardol,	 P.,	 Cregger,	 M.	 A.,	 Campany,	 C.	 E.,	 &	 Classen,	 A.	 T.	 (2010).	
Soil	 ecosystem	 functioning	 under	 climate	 change:	 Plant	 spe‐
cies	 and	 community	 effects.	 Ecology,	 91(3),	 767–781.	 https	://doi.
org/10.1890/09‐0135.1
Kardol,	P.,	Reynolds,	W.	N.,	Norby,	R.	J.,	&	Classen,	A.	T.	(2011).	Climate	
change	 effects	 on	 soil	 microarthropod	 abundance	 and	 com‐
munity	 structure.	 Applied Soil Ecology,	 47(1),	 37–44.	 https	://doi.
org/10.1016/j.apsoil.2010.11.001
Klamer,	M.,	&	Bååth,	E.	(2004).	Estimation	of	conversion	factors	for	fun‐
gal	 biomass	 determination	 in	 compost	 using	 ergosterol	 and	 PLFA	
18:2ω6,9.	 Soil Biology and Biochemistry,	 36(1),	 57–65.	 https	://doi.
org/10.1016/j.soilb	io.2003.08.019







Leake,	 J.	 R.,	 Ostle,	 N.	 J.,	 Rangel‐Castro,	 J.	 I.,	 &	 Johnson,	 D.	 (2006).	
Carbon	 fluxes	 from	 plants	 through	 soil	 organisms	 deter‐
mined	 by	 field	 13CO2	 pulse‐labelling	 in	 an	 upland	 grassland.	
     |  3561CHOMEL Et aL.
Applied Soil Ecology,	 33(2),	 152–175.	 https	://doi.org/10.1016/j.
apsoil.2006.03.001
Lensing,	J.	R.,	&	Wise,	D.	H.	(2006).	Predicted	climate	change	alters	the	
indirect	 effect	 of	 predators	 on	 an	 ecosystem	 process.	Proceedings 




poser	food	webs	under	disturbance.	Soil Biology & Biochemistry,	34(7),	
1009–1020.	https	://doi.org/10.1016/S0038‐0717(02)00034‐2
Liu,	H.,	Mi,	Z.,	Lin,	L.	I.,	Wang,	Y.,	Zhang,	Z.,	Zhang,	F.,	…	He,	J.‐S.	(2018).	
Shifting	 plant	 species	 composition	 in	 response	 to	 climate	 change	
stabilizes	grassland	primary	production.	Proceedings of the National 




community	to	climate	manipulation.	Soil Biology & Biochemistry,	43(2),	
377–384.	https	://doi.org/10.1016/j.soilb	io.2010.11.004
McGonigle,	T.	P.,	Miller,	M.	H.,	 Evans,	D.	G.,	 Fairchild,	G.	 L.,	&	Swan,	J.	A.	




Soil	 biotic	 legacy	 effects	 of	 extreme	 weather	 events	 influence	
plant	 invasiveness.	Proceedings of the National Academy of Sciences 




&	P.	Inchausti	(Eds.),	Biodiversity and ecosystem functioning: Synthesis 
and perspectives	(pp.	169–180).	Oxford,	UK:	Oxford	University	Press.	
Nielsen,	 U.	 N.,	 Ayres,	 E.,	Wall,	 D.	 H.,	 &	 Bardgett,	 R.	 D.	 (2011).	 Soil	
biodiversity	 and	 carbon	 cycling:	A	 review	and	 synthesis	 of	 stud‐










Ecology,	 26(4),	 978–990.	 https	://doi.org/10.1111/j.1365‐2435. 
2012.02005.x
Pollierer,	M.	M.,	Langel,	R.,	Koerner,	C.,	Maraun,	M.,	&	Scheu,	S.	(2007).	
The	 underestimated	 importance	 of	 belowground	 carbon	 input	 for	
forest	soil	animal	food	webs.	Ecology Letters,	10(8),	729–736.	https	://
doi.org/10.1111/j.1461‐0248.2007.01064.x
R	Core	Team.	 (2017).	R: A language and environment for statistical com‐
puting.	 Vienna,	 Austria:	 R	 Foundation	 for	 Statistical	 Computing.	
Retrieved	from	http://www.R‐proje	ct.org
Reichstein,	M.,	Bahn,	M.,	Ciais,	P.,	Frank,	D.,	Mahecha,	M.	D.,	Seneviratne,	
S.	 I.,	…	Wattenbach,	M.	 (2013).	 Climate	 extremes	 and	 the	 carbon	
cycle. Nature,	500(7462),	 287–295.	 https	://doi.org/10.1038/natur	
e12350
Ritz,	K.	(2011).	Microbes,	habitat	space,	and	transport	in	soil.	In	J.	Gliński,	
J.	 Horabik,	 &	 J.	 Lipiec	 (Eds.),	Encyclopedia of agrophysics	 (pp.	 472–
475).	Encyclopedia	of	Earth	Sciences	Series.	Dordrecht:	Springer.
Rodwell,	J.	S.	(1998).	British plant communities: Volume 3. Grasslands and 
montane communities.	Cambridge:	Cambridge	University	Press.
Rooney,	 N.,	 &	 McCann,	 K.	 S.	 (2012).	 Integrating	 food	 web	 diversity,	
structure	 and	 stability.	Trends in Ecology & Evolution,	27(1),	 40–46.	
https	://doi.org/10.1016/j.tree.2011.09.001
Rooney,	N.,	McCann,	K.,	Gellner,	G.,	&	Moore,	 J.	C.	 (2006).	 Structural	
asymmetry	and	the	stability	of	diverse	food	webs.	Nature,	442,	265.	
https	://doi.org/10.1038/natur	e04887




Ruf,	A.,	Kuzyakov,	Y.,	&	Lopatovskaya,	O.	 (2006).	Carbon	 fluxes	 in	 soil	
food	webs	of	 increasing	complexity	 revealed	by	C‐14	 labelling	and	










Scheu,	 S.,	 &	 Simmerling,	 F.	 (2004).	 Growth	 and	 reproduction	 of	 fun‐
gal	 feeding	 Collembola	 as	 affected	 by	 fungal	 species,	 melanin	 and	








ent	enrichment.	The Journal of Animal Ecology,	84(3),	680–691.	https	
://doi.org/10.1111/1365‐2656.12324	









J.	 (2011).	 Can	 gas	 chromatography	 combustion	 isotope	 ratio	mass	
spectrometry	 be	 used	 to	 quantify	 organic	 compound	 abundance?	
Rapid Communications in Mass Spectrometry: RCM,	 25(17),	 2433–
2438.	https	://doi.org/10.1002/rcm.5148
Vierheilig,	H.,	Coughlan,	A.	P.,	Wyss,	U.,	&	Piche,	Y.	(1998).	Ink	and	vin‐
egar,	 a	 simple	 staining	 technique	 for	 arbuscular‐mycorrhizal	 fungi.	
Applied and Environmental Microbiology,	64(12),	5004–5007.
Wagg,	C.,	Bender,	S.	F.,	Widmer,	F.,	&	van	der	Heijden,	M.	G.	A.	(2014).	
Soil	 biodiversity	 and	 soil	 community	 composition	 determine	 eco‐
system	 multifunctionality.	 Proceedings of the National Academy of 
Sciences of the United States of America,	111(14),	5266–5270.	https	://
doi.org/10.1073/pnas.13200 54111 
Yang,	G.,	Wagg,	C.,	Veresoglou,	S.	D.,	Hempel,	S.,	&	Rillig,	M.	C.	(2018).	
How	 Soil	 Biota	 Drive	 Ecosystem	 Stability.	 Trends in Plant Science,	
23(12),	1057–1067.	https	://doi.org/10.1016/j.tplan	ts.2018.09.007
How to cite this article:	Chomel	M,	Lavallee	JM,	Alvarez‐
Segura	N,	et	al.	Drought	decreases	incorporation	of	recent	
plant	photosynthate	into	soil	food	webs	regardless	of	their	
trophic	complexity.	Glob Change Biol. 2019;25:3549–3561. 
https	://doi.org/10.1111/gcb.14754	
